ABSTRACT Channelrhodopsins (ChRs) are light-activated ion channels widely employed for photostimulation of excitable cells. This study focuses on ReaChR, a chimeric ChR variant with optimal properties for optogenetic applications. We combined electrophysiological recordings with infrared and UV-visible spectroscopic measurements to investigate photocurrents and photochemical properties of ReaChR. Our data imply that ReaChR is green-light activated (l max ¼ 532 nm) with a nonrhodopsin-like action spectrum peaking at 610 nm for stationary photocurrents. This unusual spectral feature is associated with photoconversion of a previously unknown light-sensitive, blue-shifted photocycle intermediate L (l max ¼ 495 nm), which is accumulated under continuous illumination. To explain the complex photochemical reactions, we propose a symmetrical two-cycle-model based on the two C 15 ¼N isomers of the retinal cofactor with either syn-or anti-configuration, each comprising six consecutive states D, K, L, M, N, and O. Ion conduction involves two states per cycle, the late M-(M 2 ) with a deprotonated retinal Schiff base and the consecutive green-absorbing N-state that both equilibrate via reversible reprotonation. In our model, a fraction of the deprotonated M-intermediate of the anti-cycle may be photoconverted-as the L-state-back to its inherent dark state, or to its M-state pendant (M 0 ) of the syn-cycle. The latter reaction pathway requires a C 13 ¼C 14 , C 15 ¼N doubleisomerization of the retinal chromophore, whereas the intracircular photoconversion of M back to D involves only one C 13 ¼C 14 double-bond isomerization.
INTRODUCTION
Channelrhodopsins (ChRs) are photosensitive ion channels, naturally occurring in the eyes of motile green algae (1) (2) (3) (4) . ChRs unify the ability of light perception with a regulated ion conductance in one small protein, which can be coopted to serve as an ideal actuator for optogenetic applications. Hence, ChRs have become wide-spread tools in the field of neuroscience, where they are used to manipulate the membrane voltage of neurons and to noninvasively evoke or inhibit action potentials with high spatial and temporal precision (4) (5) (6) (7) (8) (9) . Today, the most widely applied ChR variants are still channelrhodopsin-2 from Chlamydomonas reinhardtii (CrChR2 or simply ChR2) and its gain-of-function mutant H134R (10) (11) (12) , which are excited most effectively with blue light of 460 nm. However, due to deeper penetration and reduced scattering in tissues, the use of yellow or even red light would be advantageous. This holds particularly true for in vivo application in rodents, where noninvasive delivery of weakly scattered light is a demanding challenge. Over the last few years, a couple of red-shifted ChRs were discovered, modified, and established as optogenetic tools. In 2008, the native green-absorbing channelrhodopsin-1 from Volvox carteri (VcChR1) with l max ¼ 535 nm was used to trigger action potentials in neurons as a response to orange light (13) . Subsequent mutational and helix shuffling approaches produced variants with improved expression, larger photocurrents in mammalian cells, and action spectra that were red-shifted compared with ChR2 (14, 15) . One of the chimeric constructs was the CrChR1/VcChR1 hybrid C1V1 ET (E122T) enabling fast AP firing even upon stimulation with 630 nm light (14) .
In 2013, the red-activatable ChR (ReaChR) was introduced as an improved VcChR1 variant with the N-terminus of CrChR1 (amino acid 1-94), helix 6 from VcChR2, and the L171I mutation in helix 3 (CrChR2 I131) to reduce desensitization (16) (see Fig. 1 A) . In comparison with C1V1 ET , ReaChR shows improved expression, faster channel closing rates, and larger stationary currents with an action spectrum that substantially deviates from rhodopsin absorption respective shape and side maximum at 630 nm (16) . Additionally, the authors demonstrated deep brain tissue activation through the intact skull of awake mice without removal or surgical thinning of the cranium. In a subsequent study, ReaChR was employed to excite central nervous system neurons of Drosophila melanogaster to study behavior of freely moving flies (17) . Remarkably, ReaChR possesses a significant propensity for two-photon absorption most likely due to a high 2P cross section, which was exploited for in-depth excitation of acute brain slices (18) and manipulation of transgenic D. melanogaster with near-infrared light (19) . Moreover, Sengupta et al. (20) highlighted the enormous potential of ReaChR to restore vision in blind retinitis pigmentosa mice. Its superior properties mentioned before render ReaChR a versatile and frequently used red-light-activated optogenetic tool for in vitro and in vivo applications.
Although ReaChR is successfully used in optogenetic experiments, many aspects of its basic photochemistry were not reported in the initial publication and are still unknown, representing the starting point for this investigation. Within the last decade, photochemical reactions as they occur in ChRs have been studied in great detail with different spectroscopic and electrophysiological methods leading to the development of complex photocycle models. Spectroscopic data of ChR2 under single-turnover conditions could be properly described by a single reaction cascade comprising one dark state and four spectrally distinct intermediates (P500, P390, P520, P480) (21) (22) (23) . However, explanation of photocurrents under extended illumination demands a more complex two-cycle model with at least two closed and two open states with different conductances and ion selectivities (24) (25) (26) (27) . More recently, spectroscopic data of various recombinant ChRs supported the two-cycle-model (28) (29) (30) (31) (32) (33) . Bruun et al. (30) reported that both all-trans and 13-cis retinal isomers of the two dark states may directly photoconvert into each other at low temperature without passing through the photocycle. Here, we present a comprehensive electrical and spectroscopic analysis of ReaChR allowing us to explain the unusual action spectrum by secondary photochemical reaction(s).
MATERIALS AND METHODS

Molecular biology
For spectroscopic experiments, DNA encoding ReaChR (GenBank: KF448069.1, 1-345 amino acids) with a C-terminal 1D4 epitope (T-E-T-S-Q-V-A-P-A) was inserted into the pMT4 expression vector (34) between EcoRI/NotI (Thermo Fisher Scientific, Waltham, MA), while for patchclamp recordings ReaChR was C-terminally fused to the mCerulean3 fluorophore (35) and cloned into the pEGFP-N1 vector between HindIII/XbaI (Thermo Fisher Scientific). The mutations C168A and C168S were created via site-directed mutagenesis (QuikChange; Agilent Technologies, Santa Clara, CA). ); photocurrents are normalized to the highest peak response of each cell (mean 5 SE, n ¼ 6), lines were added for visual guidance. (D) Comparison of photocurrents evoked with 530 and 600 nm at the same cell (equal photon flux, n ¼ 6). (E) Stationary action spectra at 1, 5, 50 and 100% light intensity (left, mean 5 SE, n ¼ 5-6). At pH 5.0 (red bars, right), reduction of the stationary current is more pronounced at 530 nm compared to 620 nm, implying that the photoreactive intermediate is accumulated more at pH 5.0 (mean 5 SE, n ¼ 6-8).
Patch-clamp recordings
with 1 mM all-trans retinal (Sigma-Aldrich, Munich, Germany). 48-56 h before recordings cells were transiently transfected with the respective plasmid DNA using FuGENE HD transfection reagent (Promega, Madison, WI). Measurements were performed in whole-cell mode at a holding potential of À60 mV. Signals were amplified with an AxoPatch 200B and digitized using a DigiData 1400 (Molecular Devices, Sunnyvale, CA). Light was delivered by a Polychrome V (TILL Photonics, Planegg, Germany) or a Xenon lamp and regulated with a programmable shutter, while photon densities were adjusted using a neutral density filter wheel and/or neutral density filters. Data was acquired with the Clampex software and evaluated using Clampfit 10.4 (Molecular Devices). If not stated otherwise, pH was intra-and extracellularly adjusted to 7.2 (internal: 110 mM NaCl, 2 mM MgCl 2 , 2 mM CaCl 2 , 1 mM KCl, 1 mM CsCl, 10 mM HEPES, 10 mM EGTA; external: 140 mM NaCl, 2 mM MgCl 2 , 2 mM CaCl 2 , 1 mM KCl, 1 mM CsCl, 10 mM HEPES).
Expression and purification
HEK293T cells were maintained in Dulbecco's Modified Eagle Medium (DMEM; Biochrom, Berlin, Germany) supplemented with 10% fetal bovine serum (DMEM-S; Biochrom) at 37 C and 5% CO 2 . For transfection, cells were grown on 100 mm culture dishes (Corning; Sigma-Aldrich) to 70-80% confluency and treated with TurboFect (Thermo Fisher Scientific) according to the manufacture's protocol. Cells were harvested 36-48 h posttransfection in the presence of protease inhibitor (complete EDTA-free; Roche, Mannheim, Germany). Protein purification was achieved under safelight (>600 nm) at 4 C. During whole-cell treatment with 1% (w/v) n-dodecyl b-D-maltopyranoside (DDM; Glycon, Luckenwalde, Germany) in Dulbecco's phosphate buffered saline (DPBS), pH 7.4 (Biochrom), and 10 mM all-trans retinal (Sigma-Aldrich) for 4-6 h, the photoreceptors were solubilized and subsequently purified by 1D4 immunoaffinity chromatography. For this purpose, 1D4-antibody-resin was prepared according to Oprian et al. (36) . Immobilized protein was eluted with DPBS buffer containing 400 mM 1D4-peptide (T-E-T-S-Q-V-A-P-A, GenScript, NY) and 0.03% DDM, whereas for pH-dependent measurements concentrated ReaChR samples were diluted in 10 mM citric acid pH 5.0, 100 mM NaCl, 0.03% DDM, and 10 mM TRIS pH 9.0, 100 mM NaCl, 0.03% DDM, respectively. For retinal extraction experiments, protein was expressed in Pichia pastoris and purified in buffer containing 10 mM TRIS (pH 7.4), 100 mM NaCl, and 0.03% DDM as described in the literature (23, 37, 38) . ) were applied using an LED (400 nm; Thorlabs, Newton, NJ). Flash-photolysis experiments and data processing were performed as described in Wietek et al. (39) . For this purpose, samples with an optical density of A 280 ¼ 1.0 were excited with green flashes (530 nm,~10 ns, 5 mJ/flash). Global analysis is based on a sequential model with four or five spectral components. Absolute spectra of ReaChR wild-type at pH 5.0 were calculated based on the IDA spectrum (see Fig. 2 A) and the corresponding nonnormalized evolutionary associated difference spectra (EADS) (data not shown; compare to Fig. S1 ). We assumed 10% photoreceptor activation by the laser flash. Cryostatic ultraviolet-visible (UV-vis) measurements were performed using a sample chamber placed inside a cryostat (DN; Oxford Instruments, Abingdon, UK) according to the following protocol: After 2 min of illumination (~530 nm) and succeeding 30 min of dark adaptation at minimum 20 C, sample was cooled down to the desired temperature. Before the next measuring cycle, the sample was heated up again to a minimum of 20 C. Recorded spectra were scaled by normalizing to the dark state chromophore absorption band.
Ultraviolet-visible absorption spectroscopy
Fourier-transform infrared spectroscopy
Rehydrated samples of ReaChR at pH 7.4 in DPBS were placed between two BaF 2 windows and analyzed by an ifs66v/s Fourier-transform infrared (FTIR) spectrometer (Bruker Optics, Karlsruhe, Germany) with a liquid nitrogen-cooled mercury cadmium telluride detector (Kolmar Technologies, Newburyport, MA) and an 1850 cm À1 optical cutoff filter. Cryostatic FTIR measurements were conducted similar to cryo-UV-vis measurements.
Corresponding spectra were recorded with a 200 kHz sampling rate and with a spectral resolution of 2 cm À1 . Difference spectra were corrected for baseline drifts using a spline algorithm and the baseline-correction mode implemented in the OPUS 6.5 software package (Bruker Optics).
The photostationary state was defined as the steady state of the kinetics of the strong absorption band at 1660 cm À1 . Spectra were scaled by normalizing to the amide II band in the absolute spectra at~1550 cm À1 .
Retinal extraction and separation by high-pressure liquid chromatography
Purified protein was illuminated for 10 min with green light (~530 nm LED) and kept in the dark for 10 min. Chromophore extraction was achieved by addition of ice-cold ethanol (delay time % 2 s). After 2 min, the extracted retinal was dissolved in heptane containing 7% diethyl ether (w/w). After 2 min, phase separation was achieved by centrifugation (1 min, 2000 rpm). All working steps, except sample illumination, were conducted under dim red light and at room temperature. Separation of the retinal isomers in the heptane/diethyl ether mixture was performed using a LC-20AD high-pressure liquid chromatography (HPLC) device (Shimadzu, Kyoto, Japan) equipped with a ReproSil 70 Si, 5 mm column (Dr. Maisch, Ammerbuch-Entringen, Germany). Isomer ratio was determined by peak integration. The chromatogram was corrected for baseline-drifts.
RESULTS
Photocurrent properties in HEK293 cells
In 2013, Lin et al. (16) reported unusual, non-rhodopsin-like action spectra for ReaChR with maximal activity at 590 nm excitation for the peak and even 630 nm for the stationary photocurrent. However, subsequent studies on ReaChR revealed that this ChR is most sensitive to green light (40, 41) . Based on this discrepancy, we reinvestigated ReaChR by electrophysiological recordings in HEK293 cells. First, flash-induced photocurrents (10 ms excitation) were recorded at different wavelengths and three extracellular pH-values (pH e ¼ 5.0, 7.2, and 9.0) revealing maximal sensitivity to 532 nm light (pH e 7.2), and small shifts after pH e change. These action spectra were rhodopsin-shaped without any particular unusual characteristics (Fig. 1 B) . Upon 1 s illumination, the shape of the photocurrent depends on the intensity of the actinic light as known from CrChR1 (25), CrChR2 (4), and relatives. Titration of the 530 nm activation light ( Fig. 1 C, green) revealed that peak photocurrents were half-maximal at a photon irradiance of 2.68 Â 10 13 mm À2 s À1 (0.010 mW mm À2 ), while stationary currents saturated at much lower light intensities and were half-maximal already at 0.005 mW mm À2 . Interestingly, the curve for the peak current decreased (i.e., kinked) at light intensities already a decade away from saturation (black arrow). Second, the stationary currents decreased again at higher intensities, which was much more pronounced in ReaChR compared with CrChR2 (10). In comparison, the peak current sensitivity at 600 nm ( Fig. 1 C, orange) is shifted to four-times higher intensities (I 50 ¼ 0.042 mW mm À2 ; 1.27 Â 10 14 photons mm À2 s À1 ), in agreement with a reduced absorption coefficient at 600 nm as seen from the flash-induced action spectrum for pH e 7.2 ( Fig. 1 B) . However, the reduced slope of the stimulus response curve at intensities 10-fold below saturation is not visible for 600 nm activation (Fig. 1 C) . Fig. 1 D shows a direct comparison of photocurrents recorded from the same cell upon activation with 530 and 600 nm light at equal photon irradiance (100%).
In accordance with the unusual shape of the light titration curves at high photon densities, action spectra of the steady-state currents were strongly intensity dependent. At low light intensities of 1 and 5% the spectra peaked at 550 nm, whereas maxima were shifted to 600 nm for 50% and 610 nm for 100% activation light, revealing a complex secondary photochemistry at high photon irradiance (Fig. 1 E) .
Spectral properties of recombinant ReaChR
To determine the absorption properties of the dark state, recombinant ReaChR was purified under safelight (>600 nm) from HEK293T and absorption spectra were recorded (Fig. 2 A) . The IDA showed maximal absorption at 535 nm at pH 5.0, 527 nm at pH 7.4, and 503 nm at pH 9.0, the latter with a shoulder at~450 nm not seen in the action spectra. The extinction coefficient of chromophore absorption increased gradually upon acidification. Next, recombinant ReaChR was exposed to brief green (530 nm) laser pulses of~10 ns and absorption changes between 40 ns and 10 s after flash were monitored (Fig. 2 B) . Normalized EADS (Fig. S1 ) and their half-life times (t 1/2 ) were extracted using a global fit routine. Dissected intermediates were designated according to the bacteriorhodopsin (BR) nomenclature. The dark state (D) is converted into a distinctive red-shifted K-state (seen at~600 nm) that rises faster than our time-resolution and decays with t 1/2 ¼ 1.01 or Photochemistry of ReaChR Fig. 2 B, bottom) . In neutral and acidic conditions these last transitions are either poorly resolved or/and highly decelerated, thus not completed during the observation window of 10 s (Fig. 2 B, middle and top) . To disentangle photocycle intermediates, absolute spectra of the L-and N-state at pH 5.0 were determined by adding the appropriate nonnormalized EADS (data not shown; and compare to Fig. S1 , top) to the IDA spectrum (Fig. 2 A) . The calculated L-state spectrum shows maximal absorption at 495 nm while N-state peaks at 530 nm similar to the dark state but with a broader absorption profile toward longer wavelengths (Fig. 2 C) .
To investigate structural features associated with the newly identified L-state, ReaChR was analyzed at cryogenic conditions by UV-vis and FTIR spectroscopy. The temperature-versus-wavelength plot shows that up to 200 K, the K-state is enriched, whereas between 200 K and room temperature, L is the dominant photoproduct (Fig. 2 D) . FTIR spectra were recorded at 150 and 240 K (Fig. 2 E) . The K-minus-D difference spectrum exhibits relatively small changes with the exception of a typical band pattern within the retinal fingerprint region with two negative bands at 1232 and 1201 cm À1 and a positive band at 1186 cm À1 , indicative of a net isomerization of the retinal from alltrans to 13-cis (45) . A pronounced hydrogen out-of-plane (HOOP) vibration at 968(þ) cm À1 indicates a distorted 13-cis chromophore structure (46, 47) in the early state, which relaxes in the upcoming L state. During transition from K-to L-, the amide I region gains intensity with a strong negative band at 1658 cm À1 , suggesting major backbone rearrangements probably associated to channel pregating. The L spectrum possesses a unique band at 1241(þ) cm À1 , which is caused either by stretching vibrations of C 12 -C 13 of the retinal (48) or N-H in-plane bending of the retinal Schiff base (RSB) (49) . The blue-shifted L-state absorption maximum (Fig. 2 C) is reflected in the upshift of the C¼C stretching mode from 1526(À) to 1542(þ) cm À1 in the FTIR spectrum of the D to L transition (50, 51) . The presence of a strong positive ethylenic band hints at a protonated RSB (RSBH þ ) in L, as only small positive ethylenic bands were observed in states with a deprotonated RSB in channelrhodopsin-1 from Chlamydomonas augustae (CaChR1) (52, 53) and CrChR2 (54).
Photoconversion of intermediate states
To investigate the conducting state(s) and subsequent late photointermediates, we generated slow-cycling mutants of ReaChR by modification of the DC-pair residues C168 and D196 (CrChR2 C128 and D156), which play a crucial role for the channel gating kinetics in CrChR2 (55,56). We introduced C168A and C168S and confirmed the slowed photocurrent decline by electrical analysis, as illustrated in Fig. S2 . Wild-type photocurrent decayed with t off ¼ 181 5 22 ms (monoexponential fit), whereas the closing kinetics for C168A and C168S were two orders of magnitude slower with t off ¼ 19.7 and 28.1 s, respectively (Fig. S2) . On average, the C168S photocurrent amplitudes were <20% of the wildtype and C168A currents at similar conditions, thus we used the C168A mutant for further electrical analysis.
Next, we recorded absorption spectra of purified ReaChR-C168S in the dark and after illumination with 530 nm light (60 s). The IDA spectrum shows maximal absorption at 525 nm, while upon illumination it converts to the UV-absorbing M-state (396 nm) (Fig. 3 A and top inset) , which decays biexponentially with time constants in the early to late minute range. Additionally, slowly appearing photoproducts are seen at 420 and 460 nm (P420/460) ( Fig. 3 A and top inset) , which do not thermally reconvert to the IDA during the entire observation window of 90 min but are fully photoconvertible by UV-light (data not shown). These P420/460 side products are accumulated solely under prolonged illumination (Fig. 3 A, bottom inset, 2/3) and were assigned to inactive side products of the photocycle in analogy to our conclusions drawn for ChR2-C128T (54) . Strikingly, even extended green illumination (530 nm light for 60 s) bleaches the absorption at 520 nm to maximally~55%, suggesting that either a fraction of the protein is not photoactive, or more likely, a green-absorbing photocycle intermediate as the N-state is still prevailing in continuous light.
With the slow-cycling mutants at hand we electrically analyzed the photoconversion of the conducting state(s) as previously reported for slow-cycling ChR2-and C1V1-variants (15) . Continuous illumination of ReaChR-C168A with 528 nm light accumulated the open state(s) after some inactivation and established a steady-state current level. Subsequently, more intense light pulses of different wavelengths but equal photon flux were applied and showed that the steady-state photocurrent can be reduced by UV and orange light. While the inactivation with orange light was smaller and immediately reversed by the green basal illumination, UV or blue-light pulses inactivated the protein to <50% of the steady-state current level (Fig. 3 B) and only a small fraction recovered under green background light within 1 s. The full stationary current level was restored only after a longer time in the minute range under green-light illumination (Fig. 3 C) , suggesting that ReaChR was converted into a low-or nonconducting photocycle product by UV and blue light. To elucidate underlying photochemistry under continuous illumination, recombinant ReaChR-C168S was exposed to a series of parallel and sequential light pulses of green (530 nm) and UV (400 nm) light (Fig. 3 D) , while M-state rise and decay was monitored by absorbance changes at 380 nm and dark state absorption was monitored at 550 nm. Under permanent green illumination, M was accumulated but was almost completely converted to D when UV-light was interspersed, although the full recovery after cessation of light was slow and occurred on timescales of minutes.
DISCUSSION
Lin et al. (16) described the VcChR1 variant ReaChR that exhibits large photocurrents and shows steady-state current action spectra that substantially differ from rhodopsin absorption spectra. Such spectra are either caused by multiple overlaying photoreceptors-which can be excluded hereor an extended secondary photochemistry. This is the reason why in vivo action spectra that led to the original identification of rhodopsin as the phototaxis photoreceptor in Chlamydomonas were recorded at low light intensities (threshold spectra) (57) or as flash spectra for the correlation between photocurrents and photoreceptor species (58) . The syn-cycle consists of the same spectral states marked by a hyphen and undergoes the same protonations; corresponding shortcuts and the M-substates are omitted for clarity. Upon prolonged illumination of slow-cycling mutants, side-products (P420/460) are accumulated, which could be photoconverted by UV-light (data not shown).
We confirmed the non-Gaussian-shaped action spectra for ReaChR, but this only holds true for extended illumination periods of a few seconds and high intensities. Low intensity or flash action spectra resemble the absorption spectra of recombinant protein (compare to Figs. 1 B and 2 A) and are similar to the parent VcChR1 (13) and the related C1V1-hybrid (15, 41) . The reduced stationary photocurrents under continuous green light can be explained in three ways, namely by photochemical conversion of one or more photocycle intermediates back to the dark state(s), photochemical conversion between intermediates of the syn-and anti-cycle, and conversion of one or more photocycle intermediates into an inactive or less active side product. This interpretation raises the question of the nature of the activated photointermediate and of the secondary photoproducts that are formed more efficiently compared to other ChRs.
Photochemical back reactions between photocycle intermediates and dark states were previously proposed for wild-type ChR2 (22, 23) and its step-function opsin (SFO) variants (54) (55) (56) , although the practical relevance of this secondary photoreaction is low for wild-type ChR2. For ChR2-C128T, side reactions into inactive, slowly recovering species that are not part of the bona fide photocycle were also previously reported (54, 59) . Within our study, we identified six states for ReaChR designated as the following: D-(dark), K-, L-, M-(M 1 and M 2 ), N-, and O-states that are expected to be consecutive in analogy to BR, with D-and Ohaving similar spectral properties (Fig. 2 B) . Remarkably, a state corresponding to the L-state has not been identified for CrChR2 and CaChR1 (22, 23, 60) , but was just recently reported for channelrhodopsin-2 from Platymonas subcordiformis (PsChR2) (32, 33) and the anion-conducting channelrhodopsin-1 from Proteomonas sulcata (PsACR1) (P 460 ) (39) and Guillardia theta (GtACR1) (61) . The hypsochromic shift from the K-intermediate absorbing at 600 nm (difference spectrum, Fig. 2 B) to the L-state at 495 nm observed at pH 5.0 (absolute spectrum, Fig. 2 C) is not a result of the protonation state of the RSB but rather from an altered distance between RSBH þ and counterion-complex upon chromophore relaxation. While the 13-cis retinal molecule is twisted and distorted in the early K-state, the cofactor strain is almost relieved in the upcoming L-state, as deduced from the lack of the HOOP band in the L-state IR-spectrum (Fig. 2 E) . Most likely, chromophore relaxation is achieved by rotation of the C 13 ¼C 14 and C 15 ¼N bonds, as it occurs in BR (62, 63) . As a consequence, the RSBH þ is shifted closer to the water-counterion complex compared to the configurations both in K and D, thus stabilizing the electronic ground state of L and leading to a blue-shifted absorption spectrum (62) .
The proposition of the L-state as the main photoreactive intermediate under continuous illumination is further supported by two findings: First, the L-state is strongly accumulated under continuous illumination compared to single-turnover conditions (compare to Fig. 2, B, middle,  and D) . Second, photochemical inactivation of the photocurrents under continuous green light at pH 5.0 is even more efficient compared to pH 7.2 ( Fig. 1 E, bar diagram) , in line with an enrichment of L at low pH as seen for the recombinant protein in single flash experiments (Fig. 2 B,  top) . Because calculated absolute spectra of N-and dark states are almost identical (Fig. 2 C) , L-state conversion by blue/green light should be efficient whereas N to D conversion appears less efficient because green light activates N and D simultaneously in the opposite direction.
It might be worthwhile to recapitulate that ReaChR-C168S accumulates mostly M (probably M 2 ) during extended illumination, similar to what was reported for the SFOs ChR2-C128S or D156A (14, 55) , but substantial absorption at 520 nm remains ( Fig. 3 A) ; this supports the idea of an equilibrium between M and N, as proposed for ChR2 (P390 and P520) (22, 23) . The observed small and fully reversible inactivation with orange light (600 nm) (Fig. 3 C) is explained by the red tail of the N-state (Fig. 2 C) . The last question remaining is why 400 nm bleaching is not immediately reversed by green background light. Similar observations were previously reported for the SFO C128T (59) and the stable step-function opsin ChR2-C128S/D156A (14) . The slow recovery of the steady state is explained by the two-cycle model based on the two C 15 ¼N retinal isomers. Assuming a symmetrical model with similar spectral intermediates in each cycle, photoactivation of the dark state D with 13-trans, 15-anti conformation produces K, L, M, and N intermediates with 13-cis, 15-anti. Thus, we consider this cycle as anti-cycle because the C 15 ¼N bond should be anti throughout the whole cycle. Accordingly, the cycle starting from a dark state with 13-cis, 15-syn (D 0 ) is designated syn-cycle. Hence, either a photochemical transition from an M-state of the anti-cycle to an M-state of the syn-cycle occurs or M is converted into an inactive UV-absorbing state, possibly with another cis-isomer than 13-cis, e.g., 9-and 11-cis, which are formed in the ChR2-C128T mutant upon prolonged illumination (28) .
Recently, we have reported for the bimodal switchable Histidine Kinase Rhodopsin-1 from C. reinhardtii that UVA-light may not only cause a sole isomerization of the RSB around C 13 ¼C 14 bond, it can also promote a simultaneous isomerization of both the C 13 ¼C 14 and the C 15 ¼N double bond, preferentially if the RSB chromophore is deprotonated (64) . Such a double isomerization would convert the 13-cis, 15-anti M-state into a 13-trans, 15-syn M-state that thermally converts to 13-cis, 15-syn, the expected dark state of the syn-cycle. Because the open state(s) of the syn-cycle is assumed to be less conductive with altered ion selectivity in CrChR2 (27) , and both the absorption cross section and the quantum efficiency for a protonated 13-cis, 15-syn chromophore is anticipated to be reduced compared to a 13-trans, 15-anti RSBH þ , the slow recovery of the steady-state photocurrent after a UV-light pulse could be explained by the transition from the anti-to the syn-cycle. However, recombinant ReaChR-C168S shows a long-lasting chromophore bleaching and conversion of the dark state(s) into P420/460, which are not representatives of the syn-or anti-cycle. P420/460 recover to the dark state only upon UV-illumination (data not shown). Thus, we consider them as photochemical side products as previously proposed for ChR2-C128T (54).
ReaChR photocycle model
Based on our study, we conclude that the non-rhodopsin action spectrum for steady-state currents of ReaChR is caused by a complex orchestration of secondary photochemical reactions starting from the newly identified L-state and its subsequent M-states. We propose a symmetrical two-cycle model as recently discussed for CrChR2 (30) with two dark states (D and D 0 ) establishing the apparent dark state (DA app ), and two open states (N and N 0 ) with different conductivities and selectivities, which are in a fast equilibrium with the preceding M 2 -state (Fig. 3 E) , to describe photochemical events as they occur under both single-turnover conditions and continuous illumination. Under continuous green illumination, the initial dark state (IDA) consisting of 100% all-trans retinal is converted to an equilibrium between the two cycles (i.e., conducting states), which is shifted when a second blue-or green-light pulse is applied. Remarkably, blue light drives both intra-and intercircular shortcuts. While the intracircular shortcut is based on C 13 ¼C 14 isomerization, the latter one is assumed to be based on a C 13 ¼C 14 , C 15 ¼N double-isomerization of the retinal chromophore and a conversion between M to M 0 or vice versa. However, strictly speaking, a single C 15 ¼N anti/syn or syn/anti isomerization cannot be excluded. In such hypothetical cases, isomerization would produce 13-cis, 15-syn or 13-trans, 15-anti retinal Schiff base species that both are expected to be protonated under formation of the O-states. Based on our experiments, it is unclear whether the cycle crossover is purely light-induced or occurs partially thermally. Thermal branching was reported to happen highly efficiently in other microbial rhodopsins such as BR and Anabaena sensory rhodopsin (65), thus could be also possible for ChRs and should be part of further investigations. More evidence for a two-cycle model was given by Szundi et al. (32, 33) , who reported that the cation-conducting PsChR2 runs through two cycles in parallel, while 30% of excited protein follow cycle 1 and 70% cycle 2. Retinal extraction and HPLC experiments of ReaChR wild-type in the DA app -state revealed a proportion of 78:22 of all-trans:13-cis retinal (Fig. S3 ). This ratio is in line with the composition in CrChR2 (28, 45, 54) and would allow the assignment of a 15-anti cycle with the C 15 ¼N bond being always in anti-configuration (previously named ''trans-cycle'', according to the 13-trans conformation of the dark state) and a syn-cycle with the C 15 ¼N conformation always in syn-conformation. However, an exact assignment would require Raman or NMR experiments, respectively. A better understanding of side reactions into an inactive and only slowly recovering state also requires more extensive studies, which are not trivial due to the heterogeneity of the photoproduct mixture. In general, a deeper knowledge of the photochemistry of ReaChR-a frequently used optogenetic tool-allows for a purposeful implementation within neurophysiological experiments, especially in cases where complex illumination protocols are requested.
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